A DNA fragment stimulating actinorhodin, undecylprodigiosin, and A-factor production in Streptomyces lividans 66 was cloned from Streptomyces coelicolor A3(2). Nucleotide sequencing revealed the presence of an open reading frame of 225 codons, named afsQl, that showed great similarity in amino acid sequence to the response regulators of typical prokaryotic two-component regulatory systems responsible for adaptive responses. The termination codon, TGA, of afsQl overlapped the initiation codon, GTG, of a second open reading frame, afsQ2, of 535 codons. The afsQ2 gene product showed homology with the sensory histidine protein kinases of two-component systems. In agreement with the assumption that the AfsQl and AfsQ2 proteins comprise an aspartate-histidine phosphotransfer system, an amino acid replacement from Asp to Glu at residue 52 of AfsQl, generated by site-directed mutagenesis, resulted in loss of the protein's ability to stimulate antibiotic production in S. lividans. Primer extension experiments indicated that transcription of the afsQl and afsQ2 genes initiates at the translational start codon (GTG) of the afsQl gene. The afsQ1 and afsQ2 genes were physically mapped at a chromosomal position near the actinorhodin biosynthetic gene cluster (act) by hybridization to Southern blots of restriction fragments separated by pulsed-field gel electrophoresis.
Production of secondary metabolites in actinomycetes is genetically controlled by regulatory genes, some closely linked and some not closely linked to the biosynthetic genes. One of the latter is the afsR system that globally influences secondary metabolism in Streptomyces coelicolor A3(2) (21, 36) . Recent work from our laboratory has revealed that the AfsR protein is phosphorylated by a membrane-bound phosphokinase and that the extent of phosphorylation of AfsR probably modulates expression of its target gene(s), thus leading to stimulation of expression of antibiotic production genes (12) . The afsR gene was identified on a DNA fragment that conferred the ability to produce A-factor and the pigmented antibiotics actinorhodin and undecylprodigiosin on Streptomyces lividans, which does not produce these metabolites under the cultural conditions used (17, 19) . Several other pleiotropically acting S. coelicolor genes that affect production of the secondary metabolites of the strain, including absA (1), absB (2) , and abaA (8) , as well as many bld genes that are needed for both antibiotic production and sporulation (7, 13) , have been identified.
We have recently cloned an additional gene from S.
coelicolor A3(2) by the strategy used for cloning the afsR and abaA genes. The cloned gene, named afsQl, conferred on S. lividans phenotypes similar to those of afsR when introduced on a plasmid. The cloned gene is designated afs (A-factor synthesis) because, like afsR, it regulates production of A-factor in addition to that of the pigmented antibiotics. Here we describe the cloning, nucleotide sequence, * Corresponding author.
transcriptional analysis, and physical mapping on the chromosome of the afsQl gene as well as a second gene, afsQ2, located just downstream from afsQl. The great similarity of the amino acid sequences of AfsQl and AfsQ2 to those of the response regulators and sensory histidine protein kinases (37) , respectively, of typical prokaryotic two-component regulatory systems strongly suggests that the AfsQl and AfsQ2 proteins comprise a similar two-component system probably involved in secondary metabolism.
MATERIALS AND METHODS
Bacterial strains and plasmids. S. lividans 66 HH21 (19) is an A-factor-deficient mutant derived spontaneously from strain TK21. S. coelicolor A3(2) M130 (hisAl uraAl strAl SCP1-SCP2-) (4) was the source of the afsQl and afsQ2 genes. S. coelicolor M145 (SCP1-SCP2-) (16) was used for pulsed-field gel electrophoresis. S. coelicolor C505 (absA505) (2) and C120 (absB120) (1), derived from J1501 (hisAl uraAl strAl Pgl-SCP-SCP2-), were obtained from W. Champness. An A-factor-deficient mutant strain, Streptomyces griseus FT-1 no. 2 (11) , and Bacillus subtilis ATCC 6633 as the indicator strain were used for A-factor assays.
Other actinomycete strains were obtained from the culture collection of the Institute of Fermentation, Osaka, Japan (IFO). Plasmids pIJ41 (carrying thiostrepton and neomycin resistance) with a copy number of 3 to 4 per genome (16) and pIJ922 (thiostrepton resistance) with a copy number of 1 per genome (16) were used as cloning vectors. Plasmid pIJ2303 (pIJ922 carrying the entire actinorhodin biosynthetic gene cluster [29] ) was used as a source of the act genes for (40) , [a-32P]dCTP (3,000 Ci/mmol) for the Amersham multiprime DNA labeling system, and [-y-32P]ATP (5,000 Ci/mmol) for end labeling of synthetic oligonucleotides with T4 polynucleotide kinase were purchased from Amersham International. Thiostrepton was a gift from Asahi Chemical Industry, Shizuoka, Japan. Viomycin was provided by M. Nakano. DNA manipulations in E. coli were performed as described by Maniatis et al. (30) , and those in Streptomyces were performed as described by Hopwood et al. (16) .
Primer extension. S. lividans containing pIJ41-AP71 ( Fig.  1 ) and S. coelicolor A3(2) M130 were grown at 28°C for 3 days in 10 ml of YEME medium (pH 7.2) containing the following (grams per liter): yeast extract (Difco), 3; Bacto Peptone (Difco), 5; malt extract (Difco), 3; glucose, 10; sucrose, 340; and MgCl2. 6H20, 0.25. After disruption of mycelial clumps with a glass homogenizer, 1 ml of each was inoculated into 100 ml of fresh YEME medium and grown at 28°C for 2 to 4 days. The mycelium was harvested by centrifugation. Total cellular RNA was prepared as previously described (18) .
A 20-mer oligonucleotide, 5'-GGCCCTGGCGGGTCAGG 2) with 10 ,g of viomycin per ml. Chromosomal DNA was isolated from one of the colonies in each disruption experiment and analyzed by Southern blot hybridization with the BalI-NaeI or BalI-SmaI fragment as the probe to confirm integration at an appropriate position on the chromosome.
Site-directed mutagenesis. For generation of an amino acid replacement of residue 52 (GAC, Asp) of the AfsQl protein with Glu (GAG), a 26-bp-long nucleotide (5'-GCAGCATC ACCTCCAGCACGATCAGG-3'; italic letters indicate the codon to be replaced) was used. As the target DNA, a 855-bp PstI-BamHI fragment (nt 1 to 855 in Fig. 2 ) covering this region was subcloned into the polylinker of M13mp19. The phage DNA was propagated once in E. coli CJ236 to prepare uracil-containing single-stranded DNA (27) . The oligonucleotide was annealed with the single-stranded DNA, and the complementary strand was synthesized with DNA polymerase and ligase. E. coli JM109 was then transfected with the reaction mixture (41) . The mutation thus generated was checked by nucleotide sequencing, and the mutated DNA fragment was transferred to the original Streptomyces plasmids, pIJ41-AP70 and pIJ41-AP71.
Assay of A-factor, actinorhodin, and undecylprodigiosin. A-factor production by transformants was assayed by the streptomycin cosynthesis method (11) . Briefly, a test strain grown on an agar plug was transferred to a soft agar layer seeded with an A-factor-deficient mutant strain, S. griseus FT-1 no. 2, and incubated at 28°C for 2 days. Nutrient soft agar containing spores of B. subtilis as the indicator strain was then overlaid, and the plate was further incubated overnight at 37°C. The principle of this method is that A-factor diffusing from the agar plug into the soft agar causes the mutant S. griseus strain to produce streptomycin, which in turn is detected by growth inhibition of the indicator. The amount of A-factor was estimated by comparing the diameter of the growth-inhibitory zone with a calibration curve obtained with authentic A-factor and paper disks.
For assay of actinorhodin production, 1 ml of a stationaryphase culture of S. lividans or S. coelicolor grown in YEME medium was transferred to 100 ml of YMPG medium (containing the following [grams per liter]: yeast extract, 4; Bacto Peptone, 1; malt extract, 10; glucose, 10; and MgCl2. 6H20, 2) (pH 7.2) and incubated at 28°C on a reciprocal shaker. Both media were supplemented with 40 ,ug of thiostrepton per ml when necessary. A portion (5 ml) was removed at intervals. After removal of mycelium by centrifugation, the A615 at pH 12 was measured with a scanning spectrophotometer, using fresh YMPG medium as the reference. Actinorhodin shows its absorption maximum at 615 nm.
For assay of undecylprodigiosin, the pigments were extracted with methanol from mycelium grown at 28°C for 7 days on a cellophane sheet on the surface of Bennett maltose agar medium containing 40 ,g of thiostrepton per ml. After concentration of the pigments by evaporation, the orange pigment showing an Rf value of 0.35 was separated by thin-layer (Whatman KC18F reverse-phase plate) chromatography with 100% methanol as the solvent. Undecylprodigiosin shows its absorption maxima at 533 and 468 nm at acidic and alkaline pH, respectively.
Mapping of the afsQl and afsQ2 genes. Pulsed-field gel electrophoresis of DNA from S. coelicolor M145 was carried out by using the LKB Pulsaphor apparatus, incorporating a hexagonal electrode array (catalog no. 2015-100), and digestion byAseI as described by Kieser et al. (26) . To locate the afsQ locus to a specific restriction fragment by Southern hybridization, the probe used was pUC19 carrying a 854-bp fragment extending from the PstI site upstream of afsQl to a BamHI site internal to afsQl (Fig. 1 ).
Nucleotide sequence accession number. The nucleotide sequence of the afsQl and afsQ2 genes has been submitted to the DDBJ, EMBL, and GenBank nucleotide sequence data bases under accession number D10654.
RESULTS
Cloning of the afsQl and afsQ2 genes. We constructed a bank of KpnI-digested fragments of the S. coelicolor M130 chromosome, with pIJ41 as the cloning vector, in S. lividans HH21. Among approximately 3,000 thiostrepton-resistant S. lividans transformants grown on Bennett maltose agar medium, three blue colonies were detected, two of which were found by restriction mapping to harbor a plasmid containing the afsR gene. The plasmid from the third transformant contained a 4.3-kb KpnI fragment (pIJ41-AP2). The restriction map is shown in Fig. 1 . Subcloning experiments showed that a 1.3-kb PstI-KpnI fragment on pIJ41-AP71 still conferred actinorhodin production on S. lividans. The gene on this fragment was named afsQl because of the characteristics described below.
To isolate DNA downstream from the afsQl gene, we used as a 32P-labeled probe the 0.64-kb SacI-KpnI fragment in the afsQl gene for cloning the PstI fragment extending rightward from the PstIl site of pIJ41-AP2. As expected from prior Southern blot hybridization between the PstI-digested chromosomal DNA of S. coelicolor M130 and the probe, the PstI fragment cloned by colony hybridization (10) on pUC19 in E. coli JM109 was 3.8 kb in size. We transferred this fragment into the PstI site of pIJ41 to obtain pIJ41-AP70. S. lividans containing pIJ41-AP70 was judged to produce as much blue pigment as did colonies containing pIJ41-AP2 on Bennett maltose agar medium. The 3.8-kb PstI fragment was found to contain the entire afsQl and afsQ2 genes, as described below. Nucleotide sequence of the afsQl-afsQ2 region. We first determined the nucleotide sequence of the originally cloned 1.3-kb PstI-Kpnl fragment that was capable of conferring actinorhodin production on S. lividans. Computer-aided FRAME analysis (3) predicted a single open reading frame, starting approximately at nt 500 (Fig. 2 ) and terminating at a TGA codon at nt 1199 to 1201. Although there were two reasonable candidates for the translational start codon, ATG (nt 506 to 508) and GTG (nt 524 to 526), we concluded that translation initiates at the GTG on the basis of the transcriptional initiation site and the alignment of the putative AfsQl protein with other regulators of two-component systems (see below).
Because the deduced amino acid sequence of AfsQl showed great similarity over the entire sequence to typical regulatory proteins of two-component regulatory systems, we searched for its expected partner gene encoding the corresponding sensor protein on the assumption that a regulatory gene and its sensor gene are often closely linked. As expected, nucleotide sequencing of the region just downstream of afsQl revealed a long open reading frame, named afsQ2 (Fig. 2) , that showed similarity in amino acid sequence to the sensor proteins in two-component regulatory systems (Fig. 3) . The TGA termination codon of afsQl overlaps the Sequence similarities of AfsQl and AfsQ2 to proteins of prokaryotic two-component regulatory systems. A computeraided search revealed that AfsQl and AfsQ2 resemble the regulators and the sensors, respectively, of two-component regulatory systems (Fig. 3) . Prokaryotic two-component systems composed of sensory histidine kinases and response regulators are involved in a range of adaptive responses controlling gene expression in both gram-negative and grampositive bacteria. A family of the response regulators have an NH2-terminal domain of similar structure (37) containing an aspartate residue to be phosphorylated. Alignment of AfsQl and other regulators allows us to conclude that residue 52 (Asp) is the site of phosphorylation in the AfsQl protein. The amino acid sequence of AfsQl shows end-toend similarity to the regulators, including this Asp residue (Fig. 3) . In addition, an Asp and a Lys residue (Fig. 3) , which tend to be conserved among all regulators, are also conserved in the AfsQl protein.
Concerning the AfsQ2 protein as a histidine protein kinase, the His residue to be phosphorylated can be predicted to be residue 294. Within a region of conserved sequence generally located near the COOH terminus in the histidine protein kinase family, there are six residues that are especially conserved: Asn-(15 to 45 residues)-Asp-X-Gly-X-Gly-(20 to 50 residues)-Gly-X-Gly (37) . The AfsQ2 protein contains these six residues in the correct order (Fig. 3) . The NH2-terminal portion of AfsQ2 shows no sequence homology with other kinases, consistent with the idea that these portions of the kinases tend to be quite variable. On the other hand, as in many of the histidine kinases, the NH2-terminal portion of AfsQ2 contains two hydrophobic potential transmembrane sequences bordering a domain that is supposedly localized on the outer surface of the cytoplasmic membrane.
Amino acid replacement at Asp-52 of AfsQl. As described above, Asp-52 in AfsQl was predicted to be phosphorylated. Since phosphorylation of the response regulators of the two-component systems is essential for their regulatory function, we generated an amino acid replacement at Asp-52 by site-directed mutagenesis. In agreement with the predic- Primer extension experiments using a 20-mer synthetic oligonucleotide were used to map the transcriptional start site of afsQl. As shown in Fig. 4 , this region had a single transcriptional start point at nt 524 when RNA from S. lividans containing pIJ41-AP71 was used. When RNA from S. coelicolor M130 was used, a weak signal at the same position was also detected. Upstream of the transcription start point, two hexameric sequences (5'-TCGAAC-3' and 5'-CAGAAT-3') separated by 18 nt are present, with some similarity to the E. coli consensus -35 and -10 sequences (5'-TTGACA-3' and 5'-TATAAT-3', respectively). This type of promoter is believed to be a vegetative promoter in streptomycetes (14) . The transcript was detected in the RNA preparation obtained from a 3-day-old culture but not from a 2-day-old culture, and the amount of the transcript was much larger in the RNA from a 4-day-old culture. Under these cultural conditions, S. lividans carrying pIJ41-AP2 began to produce actinorhodin 4 to 5 days after inoculation. These observations suggest that active transcription of the afsQl and afsQ2 genes begins just before actinorhodin production.
Phenotypes conferred on S. fividans by the afsQl and afsQ2 genes. The afsQl gene was cloned by its ability to confer actinorhodin production on S. lividans, which is a phenotype similar to that of the afsR gene. We examined whether the afsQ2 gene could also confer pigment production on S.
lividans. Plasmid pIJ41-AP73 (Fig. 1) , containing a truncated afsQl gene and the intact afsQ2 gene, caused no or little actinorhodin production in S. lividans. This finding indicates no significant contribution to pigmentation by the afsQ2 gene at an increased copy number and is also consistent with the observation that S. lividans harboring pIJ41-AP2 (containing only afsQl) and pIJ41-AP70 (containing both afsQl and afsQ2) produced almost the same amounts of actinorhodin on Bennett maltose agar medium. The following phenotypes conferred by the afsQl-afsQ2 region were therefore ascribable to the afsQl gene.
(i) Actinorhodin. afsQl on pIJ41, with a copy number of 3 to 4, caused slight growth inhibition of the S. lividans strain, probably because of excessive antibiotic production. This is also true for afsR (21) . In addition, our repeated attempts to clone the afsQl gene on pIJ101-derived plasmids with a copy number of 40 to 100, such as pIJ385 and pIJ486 (39), were unsuccessful, as in the case of afsR S. lividans harboring pIJ922-AP71, with afsQl at a lower copy number, produced a smaller amount of actinorhodin on the agar medium than did the same host harboring pIJ41-AP71. All of these observations suggest that afsQl shows a gene dosage effect.
Actinorhodin production of the S. lividans transformants in liquid medium was in agreement with that observed on agar medium (Fig. 5A) , although S. lividans carrying pIJ922-AP71 did not produce a detectable amount of actinorhodin in liquid medium.
(ii) Undecylprodigiosin. S. lividans harboring pIJ41-AP70 and pIJ41-AP71 produced almost the same amounts of an orange pigment in the mycelium on Bennett maltose agar medium, whereas S. lividans harboring only the vector pIJ41 produced little or no such pigment. The absorption spectra of the pigment recovered by thin-layer chromatography showed a sharp peak at 533 nm (orange) at acidic pH and a broad peak at 468 nm (yellow) at alkaline pH (Fig. SB) , indicating that the pigment was undecylprodigiosin. The amount of undecylprodigiosin produced was estimated to be roughly the same as that produced by S. lividans harboring afsR on pIJ41.
(iii) A-factor. In S. griseus, A-factor functions as a microbial hormone controlling streptomycin production and resistance and aerial mycelium formation (11, 25) . In S. coelicolor A3(2) and S. lividans, however, A-factor appears to play no such role and is regarded as a secondary metabolite (19, 22) . afsR on pIJ41 caused production of about 9.5 ng of A-factor per colony in an A-factor-deficient mutant strain, S. lividans HH21, when assayed by the streptomycin-cosynthesis method. Similarly, strain HH21 harboring pIJ41-AP70 and pIJ41-AP71 produced about 7.0 ng of A-factor per colony (Fig. SC) .
Chromosomal gene disruption. To examine the role of afsQl and afsQ2 in secondary metabolism and morphogenesis in S. coelicolor A3(2), we disrupted the chromosomal genes by use of phage 4C31KC515. The correct disruption of each of the genes was checked by Southern blot hybridization (data not shown). Each of the mutants derived from S.
coelicolor M130 grew and sporulated normally on agar medium. In addition, both mutants produced actinorhodin, undecylprodigiosin, and A-factor at levels similar to those of the original M130 strain.
Chromosomal location of the afsQl-afsQ2 region. A combined physical-genetic chromosomal map has recently been constructed for S. coelicolor A3(2) (strain M145) by pulsedfield gel electrophoresis (26) . This allowed us to locate the afsQ locus on the chromosome by Southern hybridization of a probe, including part of the afsQl gene and upstream Each plot is the mean of the values for three independent experiments. S. lividans containing only the vector plasmid pIJ41 produced almost no actinorhodin under these cultural conditions. (B) Undecylprodigiosin was isolated from mycelium by thin-layer chromatography, and its adsorption spectra at pH 12 and 2 were measured. S. lividans containing pIJ41 produced no significant amount of undecylprodigiosin. (C) A-factor production was assayed by the streptomycin cosynthesis method with agar plugs on which S. lividans transformants were grown. The amount of A-factor produced by the transformant is proportional to the diameter of the growth-inhibitory zone of the indicator strain, B. subtilis. An A-factor-deficient mutant, S. lividans HH21, containing vector pIJ41 does not produce A-factor, whereas strain HH21 containing the afsR gene (pIJ41-AP3) or the afsQl gene (pIJ41-AP71) produces A-factor. The average amounts of A-factor produced by 20 independent colonies containing pIJ41-AP3 and pIJ41-AP71 were 9.5 and 7.0 ng per colony, respectively. 800 sequences, to AseI genomic restriction fragments of strain M145. The probe hybridized to the AseI K fragment (Fig. 6) . Of potential relevance, the actinorhodin biosynthetic gene cluster resides partly on the same fragment and partly on the adjacent AseI N fragment (it contains two closely linked AseI sites [26] ). To determine whether any of the cloned DNA including afsQl-afsQ2 overlapped the cloned act DNA, the KpnI fragment in pIJ41-AP2 and the PstI fragment in pIJ41-AP70 were probed against a BamHI digest of pIJ2303 (which carries the entire act cluster [29] ), but with negative results.
Suppression of absA by afsQl. The absA and absB mutations result in a global block of antibiotic production in S. coelicolor (1, 2) . absA and absB were mapped at 10 and 4 o'clock, respectively, on the chromosomal linkage map (Fig.  6) . We introduced pIJ922-AP70 and pIJ922-AP72 into S. coelicolor C505 (absA505) and C102 (absBl02) to determine whether afsQ suppresses the absA and absB mutations. S.
coelicolor C505 containing each of the plasmids produced a larger amount of actinorhodin than did its parental strain, J1501, whereas neither of the plasmids caused pigmentation in C102. Thin-layer chromatographic analyses showed that both plasmids conferred the ability to produce undecylprodigiosin on the absA mutant. The ability of afsQl to suppress the absA mutation is similar to that of afsR (2) (36) , and multiple systems similar to the afsQ1-afsQ2 gene system may also function in a Streptomyces strain; thus, effects of mutation in afsQl and afsQ2 might be quite subtle under the usual laboratory cultural conditions. Suppression of the absA mutation by multiple copies of afsQl supports the idea that the afsQl-afsQ2 system is involved in regulation of secondary metabolism, dependently on some regulatory genes and independently of other regulatory genes. Clarification of the antibiotic regulation network in S. coelicolor, including afs, aba, abs, and bld, requires further work and will be useful for a better understanding of antibiotic regulation in other Streptomyces spp.
DNA sequences hybridizing to afsQl were found to be widely distributed. Since almost all actinomycete strains examined contained a single hybridizing band in Southern analysis at high stringency, these signals are supposedly counterparts of the afsQl gene. The Streptomyces species containing afsQl homologs do not always contain an afsQ2 homolog (Fig. 7) . It is conceivable, as is found for the sensor proteins in other prokaryotic two-component systems, that the AfsQ2 counterparts tend to be more variable than the AfsQl regulator proteins.
An additional weaker signal found in S. coelicolor A3(2) and S. lividans suggests the presence of another sequence homologous to the afsQl gene. Tseng and Chen (38) recently described the CutR-CutS system, which was postulated to regulate copper metabolism in S. lividans. They also examined the distribution of cutR-cutS homologs by Southern hybridization under conditions essentially similar to those used in our analysis and found only one or two hybridizing fragments in DNA from 16 Streptomyces species. Their data suggest that the hybridizing bands represent cutR-cutS homologs present in all Streptomyces species. The cutR-cutS homologs of S. coelicolor have recently been mapped to a position at about 5 o'clock on the physical map (26) and are evidently quite distinct from the afsQl and afsQ2 genes. We assume that the weak signals detected in S. coelicolor A3 (2) and S. lividans with use of the afsQl probe correspond to a third two-component regulatory system.
Although we have not yet definitively determined the NH2 terminus of the AfsQl product, it appears that a single transcriptional initiation point corresponds to the first nucleotide of the translational start codon. This coincidence of transcriptional and translational start sites has been found in several actinomycete genes, including ermE, encoding 23S rRNA methylase (5), aph, encoding aminoglycoside phosphotransferase (24), cat, encoding chloramphenicol acetyltransferase (33), sta, encoding streptothricin acetyltransferase (18) , afsA, probably encoding an A-factor biosynthetic enzyme (23) , and the cholesterol dehydrogenase gene from a Nocardia species (20) . The ErmE, Aph, and Sta proteins, conferring antibiotic resistance on the hosts, and the AfsA protein, responsible for production of A-factor acting as a trigger of streptomycin production, are supposedly produced just before the production of the respective antibiotics. On the other hand, the cholesterol dehydrogenase was found to be produced from the very early to the late growth phase in S. lividans. These observations suggest that this type of unusual transcription-translation coupling is present in a rather wide variety of actinomycete genes.
